Abstract : A new kind of optimal fuzzy PID controller is proposed , which contains two parts. One is an on2 line fuzzy inference system , and the other is a conventional PID controller. In the fuzzy inference system , three adjustable factors xp , xi , and xd are introduced. Their functions are to further modify and optimize the result of the fuzzy inference so as to make the controller have the optimal control effect on a given object . The optimal values of these adjustable factors are determined based on the ITAE criterion and the Nelder and Mead s flexi2 ble polyhedron search algorithm. This optimal fuzzy PID controller has been used to control the executive motor of the intelligent artificial leg designed by the authors. The result of computer simulation indicates that this controller is very effective and can be widely used to control different kinds of objects and processes.
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INTRODUCTION
Although many advanced control theories and techniques have been developed in the last de2 cades , proportional2integral2derivative (PID) con2 trollers are still adopted in many practical cases. This is because PID controllers have a simple structure and can provide acceptable performance in various kinds of processes , so that other con2 trollers are unlikely to achieve the same ratio of cost to benefit.
Fuzzy inference has been recognized to be very appropriate in implementing the operator s experiences in the design of control systems. It was widely adopted in the last decade [1 , 2 ] , and some applications to PID controllers were also de2 vised. Tzafestas and Papanikolopoulos proposed an approach in which the performance of the PID is enhanced by slightly changing the values of prop2 ortional , integral , and derivative coefficients on the basis of a fuzzy matrix that contains , in con2 densed rule form , the experience of a human2con2 troller [3 ] . S. Z. He devised a methodology that consists of parameterizing a Ziegler2Nichols2like formula by a single parameter and then self2tuning this parameter by use of an on2line fuzzy inference system [4 ] . Zhao et al developed a fuzzy gain scheduling scheme where PID parameters are de2 termined on the basis of fuzzy inference rules , de2 pending on the values of the system output error and its time derivative [5 ] . Visioli proposed a method based on the fuzzification of the set2point weighting , in which to achieve the aims of both reducing the overshoot and decreasing the rise time , a fuzzy module is used to modify the weight depending on the current output error and its time derivative [6 ] .
In this paper , a new kind of optimal fuzzy PID controller is proposed , which contains two parts. One is the on2line fuzzy inference system used to adjust the parameters of PID control law in real time , and the other is a conventional PID controller. In the fuzzy inference system , three adjustable factors x p , x i , and x d are introduced. Their functions are to further modify and optimize the result of fuzzy inference for different control objects to make the controller have the optimal control effect on a given object. The optimal val2 ues of these adjustable factors are determined based on the ITAE criterion and the Nelder and Mead s flexible polyhedron search algorithm [7 ] .
This kind of optimal fuzzy PID controller has been used to control the executive motor of the intelli2 gent artificial leg designed by the authors. The re2 sult of computer simulation for the motor system shows that this kind of controller has a better per2 formance than a conventional PID controller.
O PTIMAL FUZZY PID CONTROLL ER

1 PID formula
The transfer function of a PID controller is expressed as :
where K p is the proportional gain , T i is the inte2 gral time constant , T d is the derivation time con2 stant , E ( s) is the system error , and U ( s) is the control signal. In the discrete2time domain , for2 mula (1) can be expressed as : The structure of the optimal fuzzy PID con2 troller is shown in Fig. 1 , which consists of two parts. One is the on2line fuzzy inference system used to adjust three PID parameters K p , K i , and K d according to the system error e and its time de2 rivative e . The inference system is implemented by the following mapping :
where 
where
From the formula set (4) , It can be found that the effect of adjusting the values of factors x p , x i , and x d is equivalent to that of modifying the fuzzy inference rules.
3 Idea s of adjustment of PID p arameters 21311 K p controller
In the initial stage of a regulation process , K p should be assigned to a proper small value to reduce the impact on the system which results from the initial variations of the physical quantities of the system. In the middle stage , K p should be in2 creased to raise the response speed and dynamic precision of the system. In the final stage , K p should be decreased to reduce the system over2 shoot and raise its static stability. In the initial stage of the regulation process , K i should be assigned to a very small value to avoid the integral saturation phenomenon which re2 sults from the saturation non2linearity characteris2 tic and other affections of the system and causes the increase of system overshoot. In the middle stage , K i should be assigned to a moderate value , not too large , to avoid bringing about affection on the dynamic stability of the system. In the finial stage , K i should be increased to raise the control precision of the system.
In the initial stage of the regulation process , K d should be assigned to a large value to reduce the overshoot and overcome the oscillations. In the middle stage , K d should be assigned to a smaller value than that of the initial stage and keep invari2 able because the regulating characteristics are sen2 sitive to the variation of K d in the stage. In the finial stage , K d should be reduced to enhance the system capability of rejecting disturbances and compensate for the increase of regulating time that results from the large K d value in the initial stage of the regulation process.
4 Rule s for fuzzy inference system
The fuzzy sets of E and EC are defined as { Z , S , M , B} . Also the fuzzy sets of PID param2 eters K pf , K if , and K df are all defined as {Z , S , M , B} . According to the above mentioned basic adjustment ideas , sixteen fuzzy rules can be ob2 tained , as shown in Table 1 . for a given system. First ITAE criterion is taken as the objective function F ( X) , which is expressed as : 
and D = min{ 012 
Among the four vertices of the initial polyhe2 dron , let X g and X s have the greatest and smallest values of the objective function F ( X) respective2 ly , and let X l have the second greatest value of F ( X) . Let X c be the centroid of all the vertices excluding X g . It is calculated as :
The purpose of the Nelder and Mead s flexi2 ble polyhedron search algorithm is to select better vertex , which corresponds to a smaller value of the objective function F ( X) , along the straight line connecting X g and X c to replace the worst vertex X g . If the algorithm fails to find a better vertex , the polyhedron will be shrunk to a smaller size. Operations for searching a better vertex and for re2 ducing the size of the polyhedron include reflec2 tion , expansion , contraction , and reduction. They are defined as follows :
1) Reflection Reflect X g through the cen2 troid by computing :
where > 0 is the reflection coefficient.
2) Expansion Expand the vector ( X r -X c ) by computing :
(14) where > 1 is the expansion coefficient.
3) Contraction Contract the vector ( X g -X c ) by computing :
) where 0 < < 1 is the contraction coefficient.
4) Reduction Reduce all the vectors ( X i -X s ) , i = 1 , 2 , 3 , 4 , by one half from X s by computing :
According to the idea of Nelder and Mead , after the initial flexible polyhedron is formed , the algorithm should enter into an cycle iterative pro2 cess , in which the size of the initial polyhedron will be reduced step by step . When 6
( 1 is a preselected small number and k denotes stage number) , the polyhedron will be2 come very small and the solution is obtained at a local optimum point. To search further for the glo2 bal optimum solution , X s k will be used as the first vertex for setting up another new initial polyhe2 dron , and then another cycle of iterative reduction process that reduces the size of the new initial polyhedron will be started again. In the algorithm to be given below , whenever the iterative process reaches step 12 , it completes one iterative cycle ; whenever the process reaches step 11 , it com2 pletes one iterative stage of that particular cycle. k k is the cycle number which starts from zero , and k is the stage number which starts from zero for each cycle. If the difference of the solutions from two consecutive cycles is less than a preselected small number 2 , the optimal solution X 3 is ob2 tained and the iterative process will stop . The op2 timization algorithm for X 3 is proposed as follows.
Step 1 Set k k = 0 , k = 0 , and X 3 =
[ 0 , 0 , 0 ] . Select , , in formulas ( 13) , (14) , and (15) . Also select 1 , 2 .
Step 2 Select X 1 0 randomly. Convert X 1 0 to a feasible one by FPC if it is originally infeasi2 ble.
Step 3 Determine X i 0 , i = 2 , 3 , 4 , by formulas (7) (11) . Convert X i 0 , i = 2 , 3 , 4 , to a feasible one by FPC if it is originally infeasi2 ble.
Step 4 From the four vertices X Step 5 Compute the centroid X k c by formu2 la (12) .
Step 6 Reflect to obtain X k r by formula (13) . Convert X k r to a feasible one by FPC if X k r is originally infeasible.
Step 2) Set
) then set k = k + 1 , and go to Step 10.
Step
r , then set k = k + 1 , and go to Step 11. Otherwise go to Step 9.
Step 
p , then set k = k + 1 , and go to Step 11. Otherwise go to Step 10.
Step 10 Reduce the size of the polyhedron by formula (16) , then find the new best vertex X k s with the smallest value of the objective function , and set k = k + 1. Continue the next step .
Step 11 If 6 lab. Fig. 2 shows the simulation structure of a sys2 tem with the optimal fuzzy PID controller. 
SIMULATION EXAMPL E
The above optimal fuzzy PID controller was used to control the intelligent artificial leg de2 signed by the authors [8210 ] . This artificial leg con2
sists of a knee joint , a shank , and a foot. Among them , the knee joint is the most important compo2 nent . In the knee joint , there are a walking speed sensor , an air cylinder with a miniature D. C. mo2 tor at its tail , a microprocessor , and batteries. The walking speed sensor is used to measure the walking speed of the leg in real time. The air cyl2 inder is the actuating mechanism used to control the bend and stretch movements of the knee joint. The D. C. motor is used to control the opening of a throttle in the cylinder. Regulating the opening can change the bend and stretch speeds of the knee joint and thereby can achieve the goal of changing the walking speed of the artificial leg. The microprocessor controls the motor s motion ac2 cording to the measurement value of walking speed so as to regulate the opening of the throttle , which can make the movement of the artificial leg match with that of the healthy leg on the other side. The power of the whole control system is supplied with small2size lithium batteries. The optimal fuzzy PID controller is used to control the D. C. motor in the cylinder. . The unit step responses of this system are shown in Fig. 3 , in which one is the response obtained with the classical Ziegler2Ni2 chols method (Z2N) , the other is the response ob2 tained with the optimal fuzzy PID method (Fuzzy) . The solutions to the optimal adjustable factors X 3 is shown in Table 3 . From Table 3 , it can be seen that the value of object function F ( X 3 ) is reduced in each cy2
cle. For this system , the optimal adjustable fac2 tors are x 
CONCLUSIONS
In this paper , a new kind of optimal fuzzy PID controller is proposed. From the results of simulation example , it is concluded that this kind of optimal fuzzy PID controller is very effective. It has better performance than a conventional PID controller. It possesses good control and robust performances and can be widely used to control different kinds of objects and processes.
